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RESEARCH MEMORANDUM

PERFORMANCE EVATUATION OF REDUCED-CHORD ROTOR BIADING AS APPLIED
TO J73 TWO-STAGE TURBINE
III - OVER-ALL PEEFORMANCE OF FIRST-STAGE TURBINE WITE STANDARD
ROTOR BILADES AT INLET CONDITIONS OF 35 INCHES OF
MERCURY ABSOLUTE AND 700° R
By Harold J. Schum

SUMMARY

The multistage turbine from the J73 twhbojet engine has previously
been investigated wilth standsrd and with reduced-chord rotor blading in
order to determine the individusal performance characteristics of each
configuration over a range of over-all pressure ratio and speed. Be-
cause both turbine configurations exhibited peak efficiencies of over
90 percent, and because both units had relatively wide efficlent operat-
ing ranges, it was considered of interest to determine the performance
of the first stege of the turbine as a separate component. Accordingly,
the standard-bladed multistage twbine was modified by removing the
second-stage rotor disk and stator and sltering the flow passage so that
the first stege of the unilt could be operated independently. The modi-
fied single-stage turbine was then operated over a range of stage pres-
sure ratic and speed.

The single-stage turbine cperated at a peak brake internsl effi-
ciency of over 90 percent et an over-all stage pressure ratlo of 1.4
and at 90 percent of design equivalent speed. Furthermore, the unit
operated at high efficiencles over a relstively wide operating range.
When the single-stage results were compared with the multistage results
at the design operating point, it was found that the first stage pro-
duced approximately half the total multistage-turbine work output.

INTRODUCTION

The performance of the two-stage turbine from the J73 turbojet en-
gine is being investigated at the NACA ILewis laboratory. Reference 1

Lihe informstion presented herein was previously given limited
distribution. :
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presented the over-all performance of the turbine operating as a compo- :
nent at an inlet pressure of 35 inches of mercury absolute and an inlet ~
temperature of 700° R over a range of speed and pressure ratio. A sav-
ing in component weight was then effected by replacing the standard
turbine rotors with a configuration utilizing reduced-chord rotor blades;
the performance of this unit 1s reported in reference 2. Comparison of
the performance results of the two turbine configurations indicated no
significant reduction in performance with the use of reduced-chord rotor
blades, although the welght of the rotor disk and blades was reduced
over 40 percent. T ' o T
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Both multistage turbine configurations exhibited efficiencies of
over 90 percent at the design operating point. Furthermore, both tur-
bines operated at high efficlencies over a wide range of speeds and
pressure ratios. It was considered of Interest, then, to ascertain the
performance of the flrst stage of the turbine when operated as a compo-
nent. Accordingly, the standard-bladed multistage tuwbine was modified
by removing the second-stage rotor and stator and making appropriate
changes in the flow passage downstream of the first stage. The first-
gstage turbline was then investigated over a range of speed from 20 to 130
percent of design and over a range of stage total-pressure ratio from
1.2 to 3.0. Turbine-gas inlet conditions were maintained at the values
used in the multistage investigations (refs. 1 and 2). The over-all re-
sults are presented herein in terms of brake internal efficiency and -
equivalent work output (both based on torque measurements), equivalent '
welght flow, equivalent rotor speed, and equivalent stage total-pressure
ratio. Results are tebuleted in table I for the convenlence of the -
reader.

SYMBOLS

The following symbols are used in thls report:

Y enthalpy drop based on torgue measurements, Btu/Ib

g gravitational constant, 32.174 ft/sec2

N rotational speed, rpm

P static pressure, in. Hg gbs

p! total pressure, in. Hg &bs

pi static pressure plus velocity pressure corresponding to axisl

component of velocity, in. Hg abs

R gas constent, 53.345 ft-Ib/(1b)(°F)
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T total temperature, °R
W welght flow, lb/sec
% welght-flow parameter based on equivalent weilght flow and equiva-
lent rotor speed
Y ratic of specific hests
ratio of inlet-alr pressure to NACA standaerd sea-level pressure,
pi/29.92 in. Hg abs
Te
Ye-1
(=)
YO S
€ function of 7, e To
Yo"l
[\ 2
N4 brake internsl efficiency, defined as ratio of actual turbine
work based on torque measurements to i1deal turbine work based
on inlet total pressure p{ and discharge total pressure
corrected for whirl p?
X,2
ecr squared ratio of critical velocity to critical velocity at NACA
ii g‘RTI
standard sea-level temperature of 518.4° R, 2:;—
0 gRT!
T torque, ft-1b
Subsecripts:
cr critical
e engine operating condltions
h hub
t tip
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X axial
standard sea-level conditions
turbine~inlet measuring station

2 turbine-outlet measuring station

APPARATUS AND INSTRUMENTATION
Appareatus

The standard-bladed multistage turbine from the J73 turbojet engine
is described in detall in reference 1. For the present investigation,
however, the second-stage rotor disk and stator were removed. The flow
passage was modified to provide an annular discharge section behind the
first stage of the turbine. This adapter sectlon then permitted the
gas to discharge into the standard turbine tail cone. A schematilce dia-
gram of the single-stage turbine assembly is presented 1n figure 1. A
20-mesh screen was installed on the upstream side of the flow-
straightening tubes in an effort to minimize the clrcumferential pres-
sure gradlents observed in references 1 and Z.

The air-supply and exhaust systems to the flrst-stage turbine were
the same as those described for the investigations of the multistage
turbines (refs. 1 and 2). Turbine power was again absorbed by two
cradled dynamonmeters connected in tandem. A photograph showlnhg the set-
up used for this investigation is presented in figure 2.

Turbine Instrumentation

The Instrumentation required for the determination of the perform-
ance of the first-stege standard model turbine was essentislly the same
as that utilized for the multistage-turbine investigations (refs. 1 and
2). The gas state was - measured at the two axial stations shown in fig-
ure 1, station 1 beilng upstream of the first stator and station 2 being
downstream of the first rotor. Three total-pressure rakes, each consist-
ing of three tubes located at area centers of egual annular areas, wWere
mounted at station 1 (see fig. 1) at different circumferential locations.
Turbine-inlet static pressures were measured.by 22 taps, helf on the
inner wall and half on the outer wall, which were spaced around the
annulus and dismetrically opposed. The turbine-inlet temperature was
measured by two calibrated spike-type thermocouple rakes, each consist-
ing of five thermocouples located at aresa centers of equal annuler
areas. The two rakes were installed spproximately 180° removed from
each other,

3209
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At the turbine-outlet measuring station (station 2, fig. 1), three
Kiel-type total-pressure tubes, a reke of five thermocouples radially
spaced similarly to those at station 1, end four static taps on both the
inner and outer walls were provided. The latter were spaced 90° apart
and the taps on the inner and the outer walls were agein diametrilcally
opposed. Thils instrumentation was iIncorporated in order to duplicate
interstage instrumentation that was installed for the mmltistage-turbilne
investigations (refs. 1 and 2), although this particular instrumentation
was not described in the references.

All turbine pressures were indicated on mercury manometers. Gas

.temperatures were teken with calibrated iron-constantan thermocouples

in conjunction with a potentiometer. For convenience, and to expedite
turbine operation and performance calculations, the thermocouples at
each measuring station were arranged so that they could be connected in
parallel; thus, elther individusl readings or the average of several
readings could be observed. The turblne speed, the torque oubtput, and
the alr welght flow were measured in the same manner as reported In
references 1 and 2.

PROCEDURE

Turbine~inlet total pressure pi was calculated by the method out-

lined in reference 1. Turbine-outlet total pressure was determined at
station 2 and is defined as the static pressure plus the veloclty pres-
sure corresponding to the axiasl component of the absolute velocity.
This calculated value of turbine-outlet total pressure pi,z charged

the turbine for the kinetic energy of the rotor-exit tangential velocity
component. Hence, the first-stege turbine efficiencies as computed and
presented herein are considered counservative.

The single-stage turbine was operated at constant nominal inlet
values of pressure and temperature corresponding to 35 inches of mercury
absolute and 700° R, respectively. The unit was operated over a range
of speed from 20 to 130 percent of the design equivalent value (4041
rpm) and over a range of stage pressure ratio pi/pé 2 from 1.2 to

b4

approximately 3.0.

RESULTS AND DISCUSSION

The over-all performance of the first stage of the standard-bladed
J73 turbine is presented in a manner similar to that used to show the
multistage-turbine performance (refs. 1 and 2). Date are presented in
table I for convenience, and also in grephs. The performance msp (fig.
3) shows the single-stage performance in terms of equivalent shaft work
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' wN
E/acr,l and a weight-flow parameter 705 € for llnes of constant equlv-

alent rotor speed N/4/ecr 12 constant equivalent stage total-pressure
J
ratio pi/pi 22 and contours of brake internal efficlency n,. (A11 per-
2

formance parameters are corrected to NACA standard sea-level Inlet condi-
tions corresponding to 29.92 in. Hg ebs and 518.4° R.) The pesk effi-
clency of over 90 percent cbserved for the turbine occurred neasr an
over-all stage pressure ratio of 1.4 and at 90 percent of the design
equivalent speed. It 1s also epparent from figure 3 that the turbine had
e high efficiency over a relatively wide operating range.

The performance map (fig. 3) was constructed from faired values of
w /e

the measured equivalent weight flow Scr x ¢ and equivalent torque
1
output él €. The variation of the egulvalent welght flow with over-all
1 ) ; -

stage pressure ratlo for the various rotor speeds 1s presented in filgure
4, which indicates that the turbine stator 1s choked for all values of
speed at a pressure ratio of approximately 2.3 and above. The observed
choking value of equivalent weight flow was 42.65 pounds per second.

The varistion of egquivalent torque with over-all stage pressure
ratio 1s shown ' in figure 5. At the higher speeds and pressure retios,
the slope of the tarque curves is smell, which indicates that the tur-
bine is operating near limiting blade loading.

Although the firet stage of the J73 standard-bladed turbine was
investigated over a range of stage pressure ratio from 1.2 to 3.0, it
is deemed important to state that the unit does not operate over this
entire range when incorporated in the multistage unit. At design speed
and work output, the over-all total-pressure ratio for the standsrd-
bladed multistage turbine was 2.75 and the measured filrst-stage pres-
sure ratio was 1.62 as determined from the aforementioned interastage
instrumentation. At this measured value of first-stage pressure ratio
and from the single-stage turbine investlgatlion, the calculated stage
pressure ratio 'pi/pé,z was 1.61. The latter value 1s thus considered

to be the design velue for the pressure ratio of the first stage of the
turbine. From the performance map (fig. 3), it can readily be seen
that the unit is operating at a brake internal efflclency of over 89
percent at this design stage pressure ratlo and speed. Furthermore,

the first-stage turbine would produce an eguivalent shaft work output

of approximetely 14.22 Btu per pound at this stage pressure ratio of
1.61. Since the design work of the multisfage turbine was considered to
be 28.48 Btu per pound, and the first stage of the turbine is assumed
to be operating at the aforementioned conditions, 1t 1s apparent that
the first stage of the multistage turbine produced approximately 50 per-
cent of the total work output at the design operating point.

3209
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SUMMARY (F RESULTS

From an investigation of the over-all performsnce of the first
stage of the standard-bladed multistage J73 turbine, the following re-
sults were obtained:

1. A peak brake internal efficlency of over 90 percent was ob-
tained at an over-all stage pressure ratio of 1.4 and 90 percent of
equivalent design rotor speed.

2. The turbine exhibited a wide range of efficient operation.

3. At the design operabting polnt of the multistage turbine, the
first stage produced spproximately 50 percent of the total turbine work
output. '

Iewis Flight Propulsion Lsboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, December 11, 1953
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TABLE T.

- DATA SUMMARY FROM EXPERIMENTAL INVESTIGATION OF J73 MODIFIED

NACA RM E53L28a

FIRST~-STAGE TURBINE WITH STANDARD ROTOR BLADING

Calculated[Ovar-all Over-all [Over~all [Inlet |InTet Outlei‘1ihg1neﬁweignt Torque,

over-all total- total- total- total tokal speed, (flow, T,

total- pressure (to-static [to-static|pres- jtemper-|temper- N, W, ft-1b

pressure ratio, repsure |pressure (sure, ature, [ature, p] ".lb/uo

rat}o= pi/pé ratio at ﬁtio at | pf, T, T4,

Pi/Pz,2 7. fub, Py, in. Hg| %R °r
P}/Pn,2 | P1/Pe,2 | abs
1.107 1.096 0.885 0.884 34.75 T700.8 683.0 942 30.48 720
1.145 1.145 .858 .B54 34.91 100.8 878.7 20824 29.80 442
1.145 1.140 .858 +875 54.88 T700.8 878.7 3502 29,20 350
1.148 1.154 .B54 856 54.97 700.8 £81.0 3775 28.99 294
1.2389 1.172 LT70 « 785 54.82 701.3 880.8 8940 56.27( 1556
1.235 1.217 780 <776 34.72 | 701.3 669.5 | 1888 | 37.72| 1117
1.238 1.257 .784 <176 34.73 701.2 684.1 2835 58.38 853
1.230 1.228 <780 <785 54.86 701.0 668.1 s5e2 | 35.00 6TL
1.237 1.232 . 787 . 781 54.88 701.0 865.1 5772 34.59 587
l.244 1.2354 .781 778, |34.89 701.0 866.2 4246 54.53 526
1.247 1.220 LI77 .781 354.94 701.0 688.5 4731 34,07 421
1.438 1.282 < Béd <867 54.69 702.5 a72.1 8945 | 4£1.87 | 1965
1.453 1.3559 644 -546 34 .87 701.5 £56.3 1875 41.84 | 1788
1.437 1.398 .660 648 854.73 701.5 E45.4 2841 41.55 | 1473
1.382 1.382 .886 674 34.70 1.5 B£6.7 33501 40.4% | 1198
1.388 1.388 .888 «§77 54.72 10%.4 544.5 ﬂ_’?t_ 39.489 | 1075
1.388 1.389 .688 «679 34.81 T0l.4 544.5 4. 59.44 934
1.384 1.389 .686 877 54.75 TOL.4 644.5 4724 38.9¢ Ba2e
1.406 1.592 .679 674 54.65 701.3 645.7 | 5183 38.66 737
1.411 1.386 E74 <875 54.78 700.3 647.9 5854 38,61 642
l.418 1.364 669 «875 S54.72 T01.5 651.5 6139 58.28 | 540
1.593 l.412 564 591 54.54 702.5 666.6 946 42,20 | 2270
1.555 1.454 .595 <599 34.79 T01.5 661.8 1891 42.09 | 1983
1.8527 1.503 524 « 504 354.T8 702.5 637.5 28350 42.10 | 1646
1.522 1.501 621 « 808 S54.78 702.5 834.3 | 3500 41,90 | 1523
1.528 1.523 .81l9 <805 S34.79 701 630.0 S5TT4 41.72 ] 1393
.51 1.518 .825 813 54.79 70k.6 831.8 4243 41.15 | 122¢
1.519 1.618 624 <611 S4.79 701.5 830.8 4720 40.92 [ 1104
1.522 1.512 .Gl .611 [54.71 701.5 629.9 5188 40.5¢4 978
1.525 1.6519 621 «811 154.75 701.5 651.9 5657 40,31 a72
1.5535 1.513 +614 .810 54.81 T0L.4 835,.2 6131 40.18 7688
1.879 1.577 480 <484 34.72 702.6 £61.0 941 42.50 | 2636
1.766 1.587 «506 517 3£.78 T0l.8 841.7 lea2 42,56 | 2280
1.708 1.661 S540 531 S54.64 T01.6 627.0 2852 | 42.36 | 1914
1.693 1.668 <550 <555 54.71 701.6 619.7 5296 42.34 | 1787
1.875 1.866 -557 <542 5&.75 T01.5 618.4 775 42.27 | 1653
.68% . 556 557 34.76 T01.5 615.2 4246 42.25 | 1520

1.690 1.703 652 <536 34.78 TOL.5 6lde.1 4716 42.09 | 1596
1.686 1.892 554 558 54.72 TO1.5 61l4.2 b198 41.80 | 1259
1.684 1.691 558 +539 54.75 701.5 | 614.1 5658 41.82 | 1125
1.s88 1.645 562 “589 34.76 T01.5 61E.3 6130 41.43 | 1020
2,23} 1.714 .575 «377 54.85 701.5 857.2 957 42.55] 2917
2.062 1.801 Al +424 34 .82 TO1.6 631.0 1886 42.57] 26569
1.968 1.803 4S54 446 34.76 701.5 6l1.6 2823 42.53| 2217
1.919 1.862 AT2 <457 34,71 T01.6 608.5 | ‘5290 42.53 | 2062
1.901 1.8 .481 461 34.72 701.5 602, 5763 42.40 | 1921
1.910 1.892 480 - 458 34.68 701.6 598.0 “247 £2.40] 1796
1.918 1.522 .480 -455 34.74 T01.5 b94.8 4722 42.355 ) 1692
1.875 1.860 480 -475 54.80 701.5 598.9 | 5183 42,52 | 1506
1.877 1.864 490 s 470 5472 TO1.5 587.9 5859 42.18 ] 1575
1.892 1.878 +486 +4&85 34.73 701.6 } 597.8 6135 42.15| 1259
2.380 l.785 <548 «340 54.70 701.6 628.1 1888 42,53 | 2763
2.248 1.905 380 375 34.71 T01.6 602.0 2825 42.53| 2407
2.199 1,961 +385 -3592 54.77 701.5 585.3 32998 42,51 | 2298
2,194 2.068 400 -3582 54.71 T01.5 586.8 5772 42.51 | 2150
2,147 2.036 415 583 34.72 T01.5 584.3 | 4246 42.48 | 2006
2.137 2.059 420 <394 354.68 701.5 | 582.0 4721 42.39 } 1879
2,098 2.043 <431 404 Z4.61 701.8 577.7 5211 4241 | 1717
2.109 2.071 428 401 54.59 701.6 580.8 5662 42.%8 | 1576
2.110 2.089 -428 <401 54.69 701.6 578.8 6130 42.39 | 1463
2.628 1.998 ° <302 293 34 .64 701.6 | £96.1 2828 42.51 | 2562
2.563 2.0789 <517 «305 34.68 TOl.6 586.6 5293 42.49 | 2449
2.558 2.202 320 +304 34.70 T01.6 579.2 3775 42.57 | 2294
2.481 2.234 « 357 «318 34.69 TO1.7 573.7 4242 42.54 | 2195
2.478 250 -542 .318 34.74 T0L.8 58%.5 4714 42.54¢ | 2079
2.459 .288 -348 .318 34.74 701.6 567.2 5186 42.538 | 19456
2.418 2.512 360 327 * |34.80 701.8 566.7 | 5658 42.54 | 1776
2.405 2.317 .362 329 34.75 T01.6 567.7 .29 42.49 | 1660
2.823 2.181 270 .250 |34.70 01.6 585.2 | 5298 42.61 | 2498
2.876 2.288 288 258 54.74 701.6 577.1 3770 42, 2571
2.908 2.359 2261 «231 54.65 701.6 | 570.0 4252 42,54 | 2273
2,760 2,370 <280 <264 34.70 701.6 564.5 4711 42.49 | 2143
2.886 !.4&& 302 .275 |54.B7 TOL.6 561.1 5183 | 42.50 | 2012
2,655 2.458 .512 .278 34.73 T0l.6 561.8 5654 42,49 | 1875
2,581 2.443 +«525 «281 54.74 T01.6 562.5 5134 42,41 | 1727
2.948 2.434 <258 «225 34.61 701.86 5865.0 4713 42.44 | 2156
2.982 2.501.. .255% 213 |34.59 | 701.6 | S60.0 | 5185 | 42.48 | 2026
3.021 2.582. -249 200 |34.65 | 701.8 | S38.0 | 5847 | 42.438 | 1910
3.080 2,635 240 +183 34.68 ?202.8 556.1 8126 42,48 | 1775

6025



Exhanet

|

Instrumentation
¥ Tempera ture
@Total pressure
@ Static preasure

Figure 1, - Schamtioc diagram of single-stage-turbine assembly and ingtrumentation,

Rotor
- b t
Measuring . N Flow-stralghtening tubes
gtation x 'x
x| b
® ® E‘lemm chamber
N
' Stator \__ _
{—
O
-'F—-..____-_,_._i
1»’_’4- 5 O
\eamen
O o
NO @) A

BEZIESE WH VOVK




e

1 e e RS

T At st v .

Figure 2. - Sewup for investigatlon of performmance of J73 aingle-~

oo T _ ' C-32833
stage tmrdine eguipped with standard rotor blading.

0T

BEZIESE W YOVN




1 Btu/1p

B
or,

Equivalent shaft work,

=
* 120 8.0 2
G g = o B B >
g ool LR |
perqent T &1,” 11 P I e e & R
damign ¥ | 0 e e e e 1 o)
20 808 + AT AT A e
= s 225 ﬂ"m 7 /é/ -— = =0 — E
70 So60 'go'od‘ 801771 N7 L A—TTE -+~ S
R om APz 2ab 2P
® 139 o o 2D /"“ / .’_-/- EX)
ig 4849 TC/;:/ ,f |1 P -~ \ .
o 2% Ay !
18 £ .
- L/ 4 1 ’
ED[/ A//‘ P T, 4 / rL‘"' - 1 1.8 o
4 s { { -
18 v // // 4 _7"‘// — £ ] // / t_
b1
i J“,/ /"& o 7“"" pdu A ""IL";-.L:.L 700
r ” L4 :;,
" //4 ; /:J— divd L [, JE
//,é/;ﬁ ,f’/ ’./]__,—/"I’/Tr‘ ., z Z < ’T AT
. e A AL L Ly T LT T,
4 ] 1 s, i/
//: v r//'é'/ ' aLav > 4 L7 ‘/siy
¥ 7 - - - "
: PZiiA A7 AR pAY S ARYIN Y R Wiy
, // r/{ﬁ "/’??‘ » _'7:,. /I / L,"/,L/ a7 ?ﬁ‘\m -1 /]:
8 Z] //:../ LN AT /." / /7///’/ ~Ad- 7
7, 7 - 7
T e T A F T g
20 77 ra e 1
8 :/,/://Zl/; o ’;'fa/’ - /’ /
b -~ 21
L A A
7 22 210
‘ % Brake internal efficlsncy,
BO N3, peraent
]3¢
2

400 800 800 1000 1200 1400 1600 1800 2000 2200 2400 £600 2800 3000 3200 3400 3800 3800
Waight-Clow psramatar, .5."5%_5

Pigure 3. ~ Ovar-all perfarmance of JT5 modified aingle-stage turbine squipped with standard rotor blading. Turbine-inlet pressure, 3£ inochea
of meroury sbaclute; wrbivs-inlet temperature, T0OO R,

T




12

€, lb/sec

W/0ep,1
1

Equivalent weight flow,

NACA RM ES53128a

42 %%,
LN/
3 il
/j i ////// Equtvaiens,rotor
i s g
R : E
alll 5%
. ,”” / i
36 m
il
L L
I[ i
4
w1l
I
I
I

Over-all atage pressure ratio, pi/p; 2
1

Pigure 4., - Variation of equivalent welght flow with over-all stege pressure ratio at dif-
ferent speeds for J73 modified single-satage turblne equipped with standard rotor blading.



RACA EM ES3LZ28a . ] 13

2600
=
2400 //'/ L
pd e
2200 /VD’/ — I~
= B = el
2000 /// /’/A 7 ,/”” e i
A 1 i
1800 / // //V/;/ f,/ ,/""A—————A—
5 / Vi ///(/ X/ //7’ |1 —
£ o [V BAA (LT
e VAA XK S~ I —
§: 1400 // f-//d////]/ ’//’D/
5 I NNV YA A
. LRI
: A A
E‘ )Y / Eq:tva.lent rotor
100 ? / / 4/ ﬁ/ // ﬁ ier:;nl:/de:i’g}x’
ol LTV /7 g8 £
[ &MY /%) ¥
ol VI 2 =
1 P
400
Va

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.

4 2.6 2.8 3.0 3.2
Over-all stage pressure ratio, le./p:lc 2
'y

Pigure 5. - Varlation of equivalent torque with over-all stage pressure ratlo at different
speeds for J73 modifiled single-atage turbine equipped with standard rotor blading.

NACA - Langley Field, Va.






